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Abstract

Among the all parameters affecting the performaotea downhole de-oiling hydrocyclone, the
investigation of internal flow field deserves matéempts especially in the petroleum industryhis t
study, the effects of inlet flow rate, inlet oil lume fraction, and oil droplet diameter on the
separation efficiency and pressure drop ratio len investigated along the hydrocyclone body. All
the simulations were performed using computatidiuéd dynamics (CFD) techniques, in which the
Eulerian multiphase model and the Reynolds stigdsilent model were employed for the prediction
of multiphase and turbulent flow parameters throtigén hydrocyclone. The velocity component
profiles, separation efficiency, pressure drop, sallime fraction are also other parameters which
have been considered in this work. The resulthefsimulations illustrate good agreement with the
reported experimental data. Furthermore, the sitiomis indicate that the separation efficiency alimos
increases twofold, when the droplet diameter irsedrom 25 to 50 micron. The effect of inlet flow
rate on the separation efficiency is so signifidhat an increase in inlet flow rate from 5 to #%ih
causes a sharp increase in the separation efficeeme raises it 2.5 times the initial value. Howeve
the inlet oil volume fraction showed a minor effemt the hydrodynamic flow behavior in the
hydrocyclone body compared to the other invest@jpsrameters.
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1. Introduction

Hydrocyclones for the separation of solid-liquidisgiquid, and liquid-liquid mixtures have been
employed for several years. During recent decatthesde-oiling hydrocyclone has been extremely
used for the separation of oil-water emulsion & pletroleum industry. In the refining of crude il

in the offshore platforms, liquid-liquid hydrocyde can be used as a device for de-oiling and de-
watering of produced oil (Belaidi and Thew, 20030tak, 1989; Gomez, 2001). A new technology
of downhole oil-water separators has been develapdle petroleum industry and hydrocyclones
have been extensively used for this purpose.

In hydrocyclones, the centrifugal force plays apamtant role in the separation of the dispersed@ha
from the continuous phase. The inlet velocity aadgential injection of the entering fluid causes
swirling motion of two fluids into the hydrocyclorenamber body. The flow pattern consists of two
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spiral vortices in the tangential direction formedthe hydrocyclone body. The outer vortex carries
the higher density fluid into the underflow and theer vortex pushes the less dense fluid in arseve
direction into the overflow (Figure 1).
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Figurel
A schematic of flow behavior in the hydrocyclone.

Several experimental studies have been done orilidg-bydrocyclones (Colman and Thew, 1980;
Colman and Thew, 1983). Some of them have tricidutestigate the effect of different geometrical
designs on the separation efficiency (Colman anewl'nl980; Smyth, et al., 1980; Young, et al.,
1994). Belaidi et al. (2003) studied the effect fofe gas on cyclonic oil-water separation.
Additionally, the effects of gas content, overflosize diameter, and feed pressure were all
investigated. They developed a new geometry based standard de-oiling hydrocyclone and
concluded that the separation efficiency could tneroved in the revised geometry. Despite the
numerous experimental attempts, there are onlystemties which have utilized computational fluid
dynamics (CFD) for performance prediction and tlmvffield characterization of highly swirling
streams in the de-oiling hydrocyclone (Grady, et2003; Hargreaves and Silvester, 1990; Paladino,
et al., 2005; Petty and Parks, 2004; Small, etl8P6). Many complex phenomena such as turbulence
anisotropy, breakup/coalescence, and high swirfilogv caused some difficulty in the CFD
simulation of de-oiling hydrocyclone (Brennan, 2008argreaves and Silvester, 1990). For a
comprehensive simulation of the flow field in a @i#ng hydrocyclone, an accurate turbulent model
such as Reynolds stress model (RSM) and a muléphagiel such as Eulerian multiphase model are
required (Narasimha, et al., 2007). Similar to éixperimental works, the numerical investigation of
the influence of geometry on the flow behavior lie thydrocyclones has attracted the attention of
some researchers (Noroozi and Hashemabadi, 2068pkicand Hashemabadi, 201Noroozi et al.
(2009) applied Eulerian-Eulerian three-dimensicBBD model to investigate the effect of different
inlet design on the de-oiling hydrocyclone separagfficiency. The RSM turbulence model with a
modified drag coefficient for liquid-liquid emulsie with respect to different ranges of Reynolds
numbers and viscosity ratios was implemented, haddsults were compared with the predicted drag
coefficient by the Schiller-Naumann model. The ptes profile, the radial distribution of axial and



S. M. Hosseini et al. / CFD Simulation of the Paetens Affecting the Performance 79

tangential velocities, and the separation efficienere also calculated to help them with a better
decision. They could reveal that the separatioitieffcy could be improved by about 10%, when a
helical form of inlet was used. Several authors leggd RSM model for turbulence modeling and
Eulerian-Eulerian approach towards multiphase niogedio simulate the flow field in a de-oiling
hydrocyclone (Maddahian, et al., 2011).

In addition, many authors have attempted to chdbseappropriate model for describing flow

parameters in the hydrocyclone and to provide #st imatch with experimental reported data (Grady,
et al., 2003; Huang, 2005; Liu, et al., 2010; Léw,al., 2012; Noroozi, et al., 2013; Schiitz, et al.

2009; Souza, et al.,, 2012). Despite the variousesassents conducted in this field, further
investigations related to the influence of opeationditions still seem necessary.

This study focuses on the effects of inlet oil camtcation, oil droplet diameter, and the inlet floate

on the separation efficiency and flow behavior adeaoiling hydrocyclone using CFD techniques.
The numerical simulations were carried out on twage flow of oil and water in a reverse flow
hydrocyclone using Reynolds stress model for t@hiuimodeling and Eulerian multiphase model for
considering the interaction between the two phases.

2. 2. Simulation modedl

In this section, a brief explanation about the gowvey equations and important parameters of the
simulation models are given. In the subsections,niultiphase flow model and turbulent model are
stated to describe the interaction between thepases. Finally, the numerical implementation and
the solution strategy are illustrated subsequently.

2.1. Multiphase flow model

For modeling the two-phase flow behavior and inteoa between oil droplets and continuous water
phase, Eulerian multiphase model is employed mghidy. In the Eulerian multiphase modeling, the
mass and momentum conservation equations are nvfitteeach phase. Therefore, the velocity of
each phase may be obtained separately, but a gngdsure is shared by all the phases (Rusche,
2002). For incompressible fluids, the continuitganomentum equations for phdsare given in the
following equations:

0 _
E(akpk) +1.(a oV, ) =0

1)
0 B . = . -
a(akpkvk) H.(a oWV =—a Op+UTc + Ryt+a p kg+( Pk P it va,} )
where,Tis the stress-strain tensor of phse
o= akpk(DVk +OV —%D.Y/:Ij ro T, 3)

ay, px, andv, are the volume fraction, density, and velocityphiasek respectivelyﬁk is the
external volume fOfCGFlift,k is the lift force, andﬁvm’k is the virtual mass force; stands for the

pressure shared by all the phases mdpresents the unit tensor. The interphase fewe tan be
written as follows:
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= _ 3C‘kaqpkc’D |Vq_ Vk I( Vq_ Vk)
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where, the subscriptgl™ and "k’ represent the primary and secondary phases rigglgcDue to the
assumption of no-slip condition on the particleface, the empirical Schiller-Naumann correlation
for the drag coefficien€p can be used in this case (Loth, 2008):

24 ,
E(1+ 0.15R¢*")  Re < 100(

Co = Re, > 100( ®)

0.44

The virtual mass effect is insignificant in the ead low density difference between the primary and

secondary phases and the lift force is usuallyigiédg compared to the drag force (Noroozi and

Hashemabadi, 2011). Hence, due to these reasorfigindomputational costs, these extra terms are
omitted. The breakup and coalescence of dropletsassumed to be negligible because of the low
volume fraction of the secondary phase (oil) (Nai@nd Hashemabadi, 2009).

2.2. Turbulence Flow Mod€

The simulation of the high turbulent flow in hydyotone requires the basic equations of fluid
dynamics combined with an adequate turbulence mtmlaimulate the severe turbulency in the
hydrocyclone. High streamline curvature, quick aemin strain rate, severe swirling conditions, and
the existence of large eddies in the hydrocyclamgse the selection of the more accurate turbulent
model named Reynolds stress turbulent model (RSA&)r(za, et al., 2006; Souza, et al., 2000). The

turbulence stress tensdf,() can be defined by (Grady, et al., 2003):
T = PRy (6)

In definition, R represents the average value of the product afcitglfluctuation components in
two perpendicular directions. The differential etipra, which is used to sol§ ;, is defined as

follows:
0 0
E(“DR])"'&(GPYR): Ry + Ry +P+q +§ +F 7

where, the two terms on the left side of the aleyation are the accumulation and conduction terms
respectively. The turbulent diffusion ternb{ ;) and molecular diffusion[p, ;) terms are defined

by:

_c O MR

Pri =Gy (a O 6>4J ®
_ 9 (B

> (a” 0% J ©

where, (4 is the turbulent viscosityC, is a constant, anek is turbulent Prandtl number. The stress
production termP, can be expressed as follows:
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v, Rlﬁj (10)
o Tox

g;, and F; are pressure strain, dissipation, and productiosysfem rotation

R :_pa[l:\l)l

The other terms;l)ij ,

respectively. Among the different correlations foessure strain, the linear pressure strain cdioala
was used in this work.

3. Problem identification

The standard hydrocyclone used for the presentlaiion is illustrated in Figure 2 (Gomez, et al.,
2002). The body is cylindrical with a diameter & #m. A tangential feed inlet with a diameter of 6
mm is connected to the cylindrical surface. Twoesoat angles of 7.5° and 0.75° are connected to the
cylindrical chamber. The bottom of the hydrocycldeea tail tube with a length of 235 mm. The
overflow and underflow diameters are 4 mm and 10nespectively.

4 mm

6 mm

Figure2
Conventional de-oiling hydrocyclone design (Gonetzl., 2002).

The 3D computational models have much better mdteheerimental data in comparison with
axisymmetric geometry models (Wang and Yu, 2008)sthiictured grid strategy was used in the
simulations. The regions near the central core ydrdtyclone have higher velocity gradient.
Therefore, the grids were refined in this regioor. the accurate determination of flow field andhig
velocity profile in near wall regions, the gridsosiid be refined perpendicular to the wall direction
and the standard wall function is applied to tuelbtiflow simulation in this region, because it give
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reasonable predictions for the majority of high-Rags number wall-bounded flows and has
popularity in most problems (Noroozi and Hashemat2@09). It has been recommended that, for the
wall function approach, @ in the range of 30 to 60 should be sufficient; iihest desirable values lie
within the lower bound, i.e. 30 (Salim and Chea@09. Four different mesh densities, namely
75000, 100000, 200000, and 350000 were implementéae primary simulation to investigate the
dependency of the results on mesh density. Figulep&ts the separation efficiency versus drop size
for different mesh densities. The criterion for thetermination of the accuracy of the results & th
experimental data in the study of Colman and ThBeldidi and Thew, 2003). It is clear that by
increasing the number of cells in the system, twuacy of the results has been increased, but the
computational time for the simulation rises (FiguBe Therefore, an optimization between the
computational time and the accuracy of the resdms to be essential. The efficiency prediction
error in the case of a mesh density of 350,000%sadd is smaller than that of the 200,000 mesh
density, i.e. 7%; however, the simulation time ahash density equal to 350,000 is approximately
30% greater than that of 200,000 mesh density. Bhomesh density of 200,000 was selected in this
work for considering the computational time andwaacy of the results. The approximate 7% error in
the simulation results indicates an appropriat@@@nce with experimental data. It is worth noting
that the main source of the difference betweersitmelated and experimental data in Figure 3 is the
simplification assumptions of the problem such asdroplet coalescence and break-up, no virtual
mass and lift forces, and numerical dispersionrerro
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Figure3
Effect of mesh density and droplet diameter on déparation efficiency and comparison with experitalen
data.

The inlet boundary condition is set to a constéow frate of 20 I/min in the primary simulation and
5% of the entering fluid volume is occupied by tiephase. The overflow outlet boundary condition
is set at a zero pressure and 17% of the entddithdxits from the overflow and the rest throuphb t

underflow (Belaidi and Thew, 2003). It should bentiened that the boundary and operating
conditions in the first simulation case have beglected from the work of Colman and Thew for the
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purpose of validating the results with the experitabdata. Finally, no slip condition was assumed
for the wall boundary conditions. Table 1 tabulatesinlet fluid specifications at 20 °C.

Tablel
Inlet fluid specifications at 20 °C.
Fluid u(kg/m.s) p(kg/m?) @i (%)
Water 0.001 998 95
QOil 0.00332 850 5

For the purpose of investigating the effect of &ble inlet conditions on the separation efficienty
the de-oiling hydrocyclone, the effects of differ@met flow rates, oil droplet sizes, and oil vola
fractions were studied. All the simulations weredacted for an oil droplet diameter of 50 micron,
except for the case of investigating the effectdadp size on the separation efficiency, in which
different classes of particle sizes were useddukl be noted that in definition, the ratio of theted

oil volume from the overflow to the value of thdenoil volume is called separation efficiency. Fhi
description is defined for every size classificatas oil droplets available in the entering fluid.

4. Simulation strategy

In this paper, the behavior of oil-water two-phfis& was simulated. The simulations were carried
out using transient solver due to the unsteady stature of turbulent flows. Reynolds stress model
(RSM) was adopted with the early mentioned consiitens. In the numerical solution, the finite
volume method was implemented for the discretimatibdifferential equations. The coupling of the
continuity and momentum equations was done by tMPEE algorithm, and the quadratic upstream
interpolation for convective kinetics (QUICK) scherwas used for the interpolation of variables
from cell centers to faces due to higher ability donsider swirling flows (Ko, et al., 2006;
Udayabhaskar, et al., 2007). It should be mentighatfor better stability and lower computational
time, at the beginning, the first order interpaatschemes were used and they were then changed to
the second order after the convergence was achié\rex simulations were performed in 50,000-
100,000 time steps to maintain the total run tirhelmout 35 sec. The incremental time step was
varied between IDand 1Csec during the simulation. This is due to maintainthe convergence
criteria, when the interpolation schemes are altémrem the first order accuracy to the second order
The convergence criteria were set t@ 16r the accurate determination of continuity eguraind 10

* for the others. In addition to these convergeniteria, the oil volume fraction and fluid velociat

the outlets were plotted against time to find thgibning time of a steady state flow. At this tirtieg
simulation variables became unchanged against tiAmother important parameter for the
determination of the converged results was the radg of mass balances, which was in order 6f 10
® when the simulation was stopped.

5. Results and discussion

5.1. First ssimulation case

Figure 4 is the color map of oil volume fractiontire symmetric plane of hydrocyclone. This figure
shows that an oil core has been formed in the ltydtone centre. Most of the oil of the mixture is
separated in the upper section of the hydrocyclamg a relatively thin oil core remains in the
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underflow outlet. Figure 5 also represents thevoiime fraction versus radial direction at differ
axial positions.
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Color map of oil volume fraction in a symmetric
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Figure5
Distribution of oil volume fractioiat different axial position:

Axial and tangential velocity profiles ia radial direction at different positions in the axi$
hydrocycloneare characterized in Figures 6 and 7 respectivelyhttudd be mentioned that all tl
variables in the diagranarenormalized by the maximum value in each fielda better comparisg;
but, the normalized radiuis obtained from thealivision of radius andhe maximum hydrocyclon
radius in thecylindrical section. For athe diagrams, the axial and tangential velocities niearwall
approach to zero due the assumption of no slip conditis onthe walls. In the diagram < = 60
mm, inthe region closto axis,the value of axial velocity is negat, which illustrates the flow int
the overflow in the inner core of hydrocyclone. Amting to Figure , at the axial positions beloZ
= 210 mmthe reverse flow into the overflow is graduevanished. Theéangential velocity reductio
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in the underflow outlet direction demonstrates thatswirling motion has been diminished.
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Figure 6
Axial velocity profiles at different axial positisn
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Figure7
Tangential velocity profiles at different axial jtans.
5.2. Effectsof inlet flow rate

The inlet flow rate in the first simulation is alid@0 I/min. This value has been altered for conside
its effect on the flow behavior and the separatfiitiency in the hydrocyclone. The inlet flow rate
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of 5 I/min, 12 I/min, 25 I/min, and 34 I/min weréasen to include a wide range of inlet flow rates i
this study. The first parameter is the variatiorseparation efficiency and pressure drop ratio (PDR
versus the inlet flow rate, which is illustrated Figure 8. This figure shows a sharp increase in
separation efficiency, when the inlet flow ratealtered between 5 and 25 I/min. The PDR ratio is
defined as the ratio between the pressure drophdoowerflow and the pressure drop into the
underflow outlet. When the inlet flow rate incressevo important parameters take part in efficiency
changes. One parameter is centrifugal force anatther is droplet breakup. At small flow rates, the
effect of centrifugal force dominates the dropletdkup, while at high flow rates this situation is
reversed. Therefore, the efficiency curve is sizdil after a sharp increase at small velocities and
then suddenly drops (Thew, 1986). Some experimexttaimpts have verified the effect of variable
flow rates on the performance of de-oiling hydrdoge and the experimental reported results
completely confirm the simulation results obtaimedhis work (Husveg et al., 2007). The third range
was not included due to the assumption of no breakd coalescence. In the petroleum industry, the
de-oiling hydrocyclone is used for oil-water sepiaraat the bottom of wells. In this condition, the
driving force of fluid to reach the surface is mea®. Therefore, in addition to separation efficien
the pressure drop plays an important role in ttségthe In Figure 8, the PDR ratio was minimized to a
value, which demonstrates efficiency greater th@®.9This point can be selected as an optimum
flow rate in the downhole condition.
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Figure8
Variation of separation efficiency and PDR ratiosiss inlet flow rate.

As expected, the value of velocity components shbel increased by increasing the inlet flow rate;
thus, in Figures 9 and 10, the axial and tangentiaiponents of velocity are increased by raisimg th
inlet flow rate. An important conclusion is thathen the inlet flow rate increases, the swirlindigbi

of the entering fluid can be reserved for a lontyeme. Therefore, this phenomenon facilitates the
separation of two phases due to an increase inriftgyal forces as the main parameter in
hydrocyclone separation process. The maximum tarajeelocity is occurred in near wall region for
all the diagrams and, again, no-slip wall condsidorce the velocity components to zero adjacent to
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the walls. It should be noted that Figures 9 andepesent the redial profiles of velocity compdsen
for several simulation cases at the same axiakipnsof Z = 420 mm. Figures 12 and 13 also obey
from this rule.

1.4
——5 L/min
—&— 12 L/min
12 <+ @--- 20 L/min
25 L/min
- = X= 34 L/min
=AY P diD D IR I IRV S VO
2 xxxxxxx.x.x,%%
2 >~
] 0.8 \
8 \
EOGQ.O00000---0---000..‘. \
T 0.9 \:
= \
So4f :
A h— i — A ———— M —
Oy = =  ma
0 1 1 1
0 0.2 0.4 0.6 0.8 1

Normalized radius

Figure9
Axial velocity profiles at different inlet flow ras.
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Figure 10
Tangential velocity profiles at different inlet florates.
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5.3. Effects of inlet oil volumefraction

When the amount of oil in the mixture rises, batiparation efficiency and PDR ratio drop (Figure
11). The influence of the inlet oil volume fraction the separation efficiency is negligible compare
to the inlet flow rate. The PDR ratio first experes a sudden rise, which shows simpler separation

for very low oil concentrations.
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Figurell
Variation of separation efficiency and PDR ratiosiss inlet oil volume fraction.

The effect of the inlet oil volume fraction on tlaial and tangential mean velocity profiles is
demonstrated in Figures 12 and 13 respectivelyheéfigoil volume fractions seem to have no
significant effect on the axial velocity, but tegential velocity rises gradually. All the ternfstioe
momentum equation contain oil volume fraction patemn thus it seems that this issue can be
regarded as the main cause of insignificant eftédhe inlet oil volume fraction variation on the
velocity profiles. However, on the other side, tiedroplet size is only included in the interphase
force term in the momentum equation.

5.4. Effectsof oil droplet diameter

Several authors have been attempted to verify ffecteof oil droplet size on the separation
performance of the hydrocyclone during some expemis Belaidi et al. (2003) studied the effect of
droplet size on the separation performance durswgral experiments and they observed that the
separation performance was improved in the presehlagger droplets. Therefore, this effect is also
studied in the current study. In addition to tHesiiration of the conformity of the simulation résu
with experimental data, Figure 3 reveals the effafctifferent oil droplet sizes (25, 35, and 59
micron) on separation efficiency. It is clearly ebged that the diameter of oil droplets directly
impacts the separation efficiency. The drag fome=rted to an individual droplet directly depend on
the Reynolds number and, consequently, on the elrajhmeter. Hence the larger droplets certainly
improve separation efficiency.
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Figure 12
Axial velocity profiles at different inlet oil volue fractions.
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Figure 13
Tangential velocity profiles at different inlet @blume fractions.

6. Conclusions

The influences of different operating conditionstswas inlet flow rate, oil volume fraction, and
droplet diameter on de-oiling hydrocyclone effiagrand flow behavior were investigated using a
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CFD simulation. Among the all characteristic floarameters, three different parameters, namely the
separation efficiency, velocity components, angguee drop (PDR ratio) were chosen.

The Eulerian multiphase model and the RSM turbwdemodel were employed for the simulation.
The first case simulation illustrates satisfact@greement with the experimental reports for
separation efficiency. Among all the parametersdiiig separation efficiency, the droplet diameter
and inlet flow rate play the main role in improviagparation efficiency and inlet oil volume fractio
seems to be insignificant in changing velocity pesfin the hydrocyclone body. The separation
performance is higher for larger droplets, duendrerease in drag forces by the droplet diameter.
When the inlet flow rate rises, separation efficiefirst increases and then approaches to a cdnstan
value near one. However, the PDR ratio shows diffebehaviors and may experience an optimum
value. In accordance with this argument that thicieht conditions for a downhole de-oiling
hydrocyclone are maximum efficiency and minimum PiRo, the optimum inlet flow rate will be
25 I/min.

Nomenclature
C. : Constant
Co . Drag coefficient
d : Diameter (mm)
D : Diffusion (kg.m".s®)
F : External volume force (N.H)
Fi : Production of system rotation (kg'rs®)
Fi : Lift force (N.mi°)
Fum : Virtual mass force (N.i)
G : Gravitational acceleration (nf)s
I : Unit tensor
P : Pressure (Pa)
P : Stress production term (kg'hs®)
Rk . Interphase momentum transfer term (N\)m
Re : Reynolds number
R : Reynolds stress tensor{sf)
T : Time (s)
X : Coordinates
Z : Axial position (mm)
Greek symbols
T : Turbulent stress tensor (N3n
o : Volume fraction (%)
T : Stress-strain tensor (Pa)
v : Velocity (m.s")
£ : Dissipation term (kg.rhs®)
I : Viscosity (kg.nm'.s?)
p : Density (kg.n)
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@ : Pressure strain term (kgs®)
Ok : Prandtl number
Subscripts

D . Droplet

i, : Coordinates directions
in > Inlet

k : Secondary phase

L : Molecular (laminar)

q : Primary phase

t, T : Turbulent
Superscripts

= : Tensor

- : Average

- : Vector

T : Transpose
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